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Mutations of isocitrate dehydrogenase 1 and 2 (IDH1 and IDH2) are found in about 80% of lower-grade gliomas (World Health Organization [WHO] grades II and III) and about 85% of secondary glioblastomas. [1] [2] [3] [4] Mutant IDHs gain the neomorphic ability to catalyze the nicotinamide adenine dinucleotide phosphate-dependent reduction of α-ketoglutarate to 2-hydroxyglutarate (2HG), resulting in accumulation of oncometabolite 2HG in IDH-positive tumor cells. 5 Compared with IDH-wildtype tumors or normal brain tissue, 2HG level is increased by hundreds of times in IDH-mutant gliomas, 5, 6 making 2HG measurement a potential diagnostic marker in distinguishing IDH-mutant gliomas from other brain mass.
Magnetic resonance spectroscopy (MRS) is a noninvasive technique which can examine the concentration of metabolites in brain tumors. Recent advances in MRS technique have demonstrated that the signal of the oncometabolite 2HG can be measured in vivo. [7] [8] [9] Choi et al showed that the single-voxel point-resolved spectroscopy (PRESS) sequence with an optimized long echo time (TE) of 97 ms generated a well-defined narrow 2HG peak at 2.25 ppm, leading to improved differentiation between 2HG and the adjacent glutamate, glutamine, and γ-aminobutyric acid (GABA) signals. 9 Also, 2HG MRS has been used in longitudinal follow-up in 76 patients serially. 10 The sensitivity of the 97 ms TE single-voxel spectroscopy (SVS) for diagnosing IDH-mutant gliomas was reported to range from 8% to 91%, 10, 11 which was reflective of patients over the full spectrum of preoperation, postoperation, posttreatment, and recurrence. It is likely that the diagnostic performance may be dependent on the clinical status of the patients at the time of the scan. Compared with short spatial coverage of SVS, chemical shift imaging (CSI) can provide metabolic information for spatially heterogeneous tumor, and has been applied to detect 2HG concentrations in gliomas. 8 This approach also has an advantage for the detection of 2HG in a posttreatment setting when nontumor regions are often indistinguishable on standard MRI.
In this study, we optimize the threshold in a retrospective cohort of patients for each method in differentiating IDH-mutant gliomas from non-IDH-mutant controls, and then validate them in 2 prospective cohorts of (i) preoperative patients presenting with unknown brain mass, and (ii) postoperative patients with known IDH-mutation status presenting with suspected recurrence to determine the diagnostic value of 2HG MRS under these 2 clinically relevant settings.
Materials and Methods

Patient Population
This single-institution study was approved by the Brigham and Women's Hospital institutional review board and conducted in compliance with the Health Insurance Portability and Accountability Act. We obtained written informed consent for each subject.
The patient cohort consisted of 3 groups: a discovery cohort, a prospective preoperative validation cohort, and a prospective recurrent-lesion validation cohort. The details of the 3 cohorts were specified:
1) The discovery cohort consisted of normal volunteers and subjects with postoperative residual or recurrent glioma retrospectively identified from patients who had MRS using the following inclusion criteria: (i) a 97 ms TE SVS and/or a 97 ms TE CSI acquisition was available and of acceptable spectral quality as detailed in the MRS processing section; (ii) residual or recurrent tumor visible on brain MRI larger than 1.5 × 1.5 × 1.5 cm (axial, sagittal, coronal) to ensure sufficient tissue to detect 2HG signal; (iii) the IDH-mutation status was known, based on immunohistochemistry or gene sequencing. 2) The preoperative validation cohort included prospectively enrolled patients with newly diagnosed brain mass, and MRS exams were obtained as part of standard preoperative evaluation.
3) The recurrent-lesion validation cohort included prospectively enrolled patients with previously treated IDH-mutant glioma presenting with suspected tumor recurrence. The presence of recurrent tumor was confirmed by surgery or 6-month radiological follow-up according to Response Assessment in Neuro-Oncology (RANO) criteria. 12, 13 From April 2014 to November 2017, 2HG MRS was performed in 96 subjects including a discovery cohort consisting of 42 patients and 6 normal volunteers; a preoperative validation cohort of 32 patients; and a recurrent-lesion validation cohort of 16 patients. 3 , TR/TE = 2 s/97 ms, 128 averages, 833 ms dwell time, 1024 points, and total time = 4:26 minutes. The region-of-interest (ROI) was chosen under the direction of a neuroradiologist (R.Y.H.) to include as much of the lesion as possible while avoiding the surrounding tissue. The voxel for normal volunteers was positioned in the centrum semiovale. Localized shimming was performed by adjustment of first-and second-order shim gradients using the automatic 3-dimensional B0 field mapping technique (Siemens) followed by manual adjustment of the above-mentioned shim gradients to achieve a magnitude peak width of water at half-maximum of 14 Hz or less. Manual shimming was utilized in our study to ensure consistent data quality among all patients so that shimming would not be a variable. After frequency adjustment, water-selective suppression was optimized by using the water suppression enhanced through T1 effects (WET) technique.
Importance of the study
For the 97 ms TE semi-LASER CSI sequence, the acquisition parameters included: field of view = 160 × 160 × 15 mm 3 , matrix = 16 × 16 for a voxel resolution = 10 × 10 × 15 mm 3 , TR/TE = 1700 ms/97 ms, 3 averages. Acceleration was enabled using a weighted distribution, resulting in a total time of 6:53 minutes. The ROI was positioned at the same level of the SVS voxel and was adjusted to cover as much of the lesion as possible, as well as the bilateral normal tissue while avoiding the side of the skull or other areas of susceptibility. Four saturation bands were placed along the margin of the ROI with optimum orientation to minimize lipid contamination from subcutaneous fat. Localized shimming was performed in the same way as was done for the single-voxel PRESS sequence to achieve a magnitude peak width of water at half-maximum of 25 Hz or less. Water suppression was accomplished with the WET technique.
MRS Data Processing
LCModel v6.2 software was used for both the SVS and CSI spectral fitting, using simulated spectra of 20 metabolites including 2HG as a customized basis set. 9 For the CSI, the ROI was reconstructed on a VD17B scanner (Siemens), and the voxels contained within the abnormal hyperintense area on FLAIR images were determined by a neuroradiologist (R.Y.H.). Those spectra were then selected for processing using LCModel. Ratios of 2HG to creatine (2HG/Cr) were obtained and included in the further analysis.
Signal-to-noise (SNR) ratio and full width at half maximum (FWHM) were used to assess the quality of the data. Spectra with an SNR <5 or FWHM of Cr peak >0.143 ppm were excluded for both the SVS and the spectra of the selected CSI voxels due to poor quality. For CSI, the 75th percentile 2HG/Cr values of the selected voxels were then calculated for each subject. Postprocessing was done without knowledge of patient IDH status.
Statistical Analysis
We first performed phantom experiments to establish that 2HG could be differentiated from other metabolites and quantified accurately by both the SVS and CSI methods. This was done using a phantom at pH 7.0 with different metabolites composed of 2HG (4 mM), glutamate, glutamine, GABA, myoinositol, glycine, lactate, N-acetylaspartate, Cr (4 mM), and choline. The SVS and CSI sequences were repeated 6 times. The means, standard deviations, and coefficients of variance for both the 2HG/Cr ratios from SVS and the 75th percentile 2HG/Cr values of CSI were calculated.
Reproducibility of both the SVS and the CSI measurements was then assessed by test-retest analysis, in which a series of patients were scanned twice with the voxels placed in the same location. The patients either underwent an initial scan, got out of the scanner for 5 minutes, and then were repositioned and rescanned 10 or were scanned twice within the same session based on the time restraints of clinical practices at the time of scanning. In the latter case, the 3D FLAIR sequence and the MRS sequences were repeated by another experienced technologist using the procedure described above. Scatter plot and correlation coefficient between test and retest measurements were presented.
Using receiver operating characteristic (ROC) analysis, the sensitivity and specificity of 2HG/Cr ratios for diagnosing IDH-mutant gliomas in the discovery cohort were calculated for SVS and 75th percentile values of CSI. The optimal cutoff values for SVS and 75th percentile values of CSI were respectively chosen based on the analysis of the discovery cohort to optimize specificity with sensitivity above 50%. We then applied the cutoff values to both validation groups to examine the diagnostic performance of 2HG/Cr ratios for IDH-mutant gliomas and IDH-mutant NeuroOncology glioma recurrence. The 75th percentile 2HG/Cr values of CSI were prepared with Microsoft Excel 2011, and all other analyses were performed using SPSS v21 (IBM).
In addition, we performed post-hoc sample size calculations to check if the sample sizes that were used in the current studies were enough to detect the difference of diagnostic performance between the SVS method and the CSI method with type I error rate of 0.05 and power of 0.7. We applied the sample size calculation method proposed by Beam et al. 19 θ 1 and θ 2 denote the diagnostic performance measures (eg, sensitivity, specificity, or diagnostic accuracy) for SVS and CSI, respectively. We would like to test
We assumed each group had equal sample size n . The formula to calculate n is shown below: and θ 2 were dependent, since they were calculated based on the same set of subjects using different methods.
, we performed a permutation analysis. Specifically, we generated 10 000 permuted datasets. In each permuted dataset, we permuted the values of true positives and true negatives and kept 2HG/Cr value unchanged. We then detected if a subject was a positive or negative based on the cutoff values generated above. Next, we recalculated sensitivity, specificity, and accuracy. These values were obtained under the null hypothesis H 0 1 2 0 : θ θ − = . We could calculate 10 000 different ˆθ θ , we performed a bootstrapping analysis. Specifically, we generated 10 000 bootstrapping datasets. In each bootstrapping dataset, we resampled subjects with replacement so that some subjects would be sampled multiple times and some subjects would not be sampled to a bootstrapping sample. We then detected if a subject was a positive or negative based on the cutoff values. Next, we recalculated sensitivity, specificity, and accuracy. These values were obtained under the alternative hypothesis H a : θ θ . All power analyses were performed using R v3.3.2.
Results
Patient Cohorts
Seven patients in the preoperative cohort were excluded, since no histological diagnosis of the IDH status was made at the time of this study, 3 patients in the discovery cohort were excluded due to small tumor volume, and 1 patient in the preoperative cohort was excluded due to poor spectrum quality. A total of 85 subjects were included in this study, including (i) a discovery cohort of 39 glioma patients (35 IDH-mutant glioma patients and 4 IDH-wildtype patients) and 6 normal volunteers (n = 31 for SVS, and n = 41 for CSI), (ii) a prospective preoperative validation cohort of 24 patients (n = 13 for SVS, and n = 22 for CSI), and (iii) a prospective recurrent-lesion validation cohort of 16 patients (n = 13 for SVS, and n = 15 for CSI). Of note, the patient numbers were different for SVS and CSI, either because only SVS or CSI was obtained for some patients or because SVS or CSI was excluded due to not meeting the quality control criteria. The patient clinical and pathologic characteristics are summarized for each cohort in Table 1 . The detailed clinical information for patients of the recurrent-lesion validation cohort are given in Supplementary  Table S1 . Representative spectra of an IDH-mutant and an IDH-wildtype glioma patient are shown in Figs. 1 and 2 .
Variability of 2HG Measurements
For the phantom scans, the mean 2HG/Cr values were 0.968 and 0.952 for the SVS and CSI approaches, respectively, which were in close agreement with the actual ratio of 1. In addition, the standard deviations and the coefficients of variation were 0.036, 0.034 and 0.037, 0.036 for the SVS and CSI methods, respectively, which were readily attributed to machine noise. These data indicated that 2HG could be quantified accurately by both SVS and CSI in this study.
Variability of 2HG measurements was assessed by testretest analysis in 16 patients. Among them, the single-voxel PRESS method was repeated in 10 patients, whereas the CSI approach was repeated in 9 patients. For SVS, the 2HG/ Cr ratio difference between scans 1 and 2 ranged between −0.05 and 0.05, with a test-retest correlation of 0.998. For CSI, the 75th percentile 2HG/Cr ratio difference between scans 1 and 2 varied from −0.11 to 0.11, with test-retest correlation of 0.969. These data establish the high reliability of 2HG/Cr quantitation by both the SVS and CSI methods over the tested range (0.00-1.13 for SVS, and 0.00-0.59 for the 75th percentile 2HG/Cr ratios of CSI). The scatter plots are presented in Supplementary Figure S1 .
Determination of the Optimal Cutoff Values in the Discovery Cohort
Using ROC analysis, we investigated the diagnostic accuracy of 2HG/Cr ratios in determining IDH-mutation status in the discovery cohort. The areas under the curves were 0.83 (95% CI: 0.68-0.99) and 0.83 (0.67-0.98) for SVS and the 75th percentile values of CSI, respectively (Supplementary Figure S2) .
For SVS, 2HG/Cr threshold of 0.11 yielded the highest specificity at sensitivity above 50.00%. In terms of 75th percentile values of CSI, 2HG/Cr threshold of 0.23 generated the highest specificity at sensitivity above 50.00%. The sensitivity, specificity, and diagnostic accuracy corresponding to the potential cutoff values for both methods are listed in Table 2 .
Diagnostic Performance of 2HG MRS in Preoperative and Recurrent-Lesion Validation Cohorts
In the preoperative cohort, using the optimal 2HG/Cr thresholds resulted in a sensitivity, specificity, diagnostic accuracy, positive predictive value, and negative predictive value of 85.71%, 100.00%, 94.12%, 100.00%, and 90.91%, respectively, in distinguishing IDH-mutant gliomas and IDH-wildtype controls for SVS, and 100.00%, 69.23%, 80.00%, 69.23%, and 100.00%, respectively, for CSI (Table 3) .
When the optimal 2HG/Cr thresholds were applied to the recurrent-lesion cohort, the sensitivity, specificity, diagnostic accuracy, positive predictive value, and negative predictive value for discriminating IDH-mutant glioma recurrence were 40.00%, 62.50%, 53.85%, 40.00%, and 62.50%, respectively, for SVS; and 66.67%, 100.00%, 86.67%, 100.00%, and 81.82%, respectively, for CSI (Table 3) . Representative results from a posttreatment IDH-mutant glioma patient with surgically confirmed recurrence are shown in Fig. 3 . Existence and uneven distribution of 2HG were observed in CSI with the 75th percentile 2HG/Cr value of 0.68. However, no 2HG peak was seen in SVS.
Power Analysis
The required sample sizes given type I error rate of 0.05 and power 0.7 are shown in Supplementary Table S2. We had enough power to detect the difference of diagnostic performance between the SVS method and the CSI method in both settings.
Discussion
In this study we prospectively evaluated the diagnostic accuracy of 2HG MRS in identifying IDH-mutant gliomas in patients presenting with newly discovered brain mass as well as in patients with treated IDH-mutant tumors 
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presenting with suspected tumor recurrence. Our results demonstrate that 2HG MRS using the SVS method is highly accurate in diagnosing IDH-mutant gliomas among newly diagnosed brain mass, whereas 2HG MRS using the CSI method provides good accuracy in identifying recurrent IDH-mutant glioma.
Several prior studies have reported the 2HG absolute concentration thresholds to distinguish between IDH-mutant and IDH-wildtype gliomas with 97 ms TE single-voxel PRESS sequence, and the most commonly used threshold was the 2HG concentration ≥1 mM with or without the Cramér-Rao lower bound of 2HG ≤30%. 10, 11 In this study, we used 2HG/Cr ratio rather than absolute 2HG concentrations to diagnose IDH mutations. One reason is that the acquisition of the CSI water reference sequence takes at least 4:30 minutes with a single average. This increased scanning time is clinically challenging due to resource utilization constraints in busy neuroradiology practices, and increases the likelihood for motion artifacts during the CSI-CSI water reference session of about 12 minutes. Furthermore, 2HG absolute quantification by water reference also suffers from the variation of water concentration. 8, 9 The 2HG absolute quantification studies apply a constant water concentration of normal brain as reference in tumors, assuming that the water concentration is constant between normal brain and tumor tissues, and is invariable among all gliomas. The blue box in panel C shows the selected voxels contained within the abnormal hyperintense area on FLAIR images, and the red box shows the selected voxel for the representative CSI spectrum (D). The 75th percentile 2HG/Cr value of CSI was 0.719. In panels B and D, the black spectrum shows the raw data, red spectrum is the fitted data, and the blue spectrum shows the 2HG fit.
However, prior studies have shown that the brain water content can be increased up to 50% in brain tumors over that in healthy subjects, 20, 21 and water concentration varies in individual glioma based on a range of factors including edema severity, tumor cellularity, and historical type. 8 Although a relatively accurate water concentration estimation method has been proposed, 22 the edema, cysts, and surgical cavities need to be accurately segmented, while Cr excludes these confoundings. 23 Moreover, endogenous Cr signal reference for 2HG quantification has been used in a recently published paper. 23 For better comparison, ratios to Cr were chosen for both the SVS and CSI spectral quantification, which obviated the need of acquiring a water reference sequence and limited our protocol to under 6 minutes for both SVS and CSI acquisitions. The ROC analysis in the discovery cohort yielded a 2HG/Cr cutoff value of 0.11 for SVS, and 0. In panels B and D, the black spectrum shows the raw data, red spectrum is the fitted data, and the blue spectrum shows the 2HG fit.
SVS 2HG/Cr threshold of 0.11 would correspond to a 2HG level around 0.88-1 mmol/L, which is comparable but a little lower than the absolute 2HG concentration threshold reported previously.
It is also important to note why there are different thresholds for SVS and CSI 2HG measures: The optimal threshold value for the SVS technique was selected based on the ratio of 2HG to Cr concentrations over our training study population. The optimal threshold value for the CSI technique was calculated based on the mean value of the population of voxels in the top 75th percentile 2HG/Cr concentration, an area that is more representative of likely tumor. By using such a top quartile approach, the sensitivity of detecting a small area of true tumor is expected to increase compared with averaging of the entire voxel area. In other words, if only true tumor voxels were selected and analyzed during CSI analysis, the threshold value would be identical to SVS (such as shown in our phantom results), but this is exactly the main difficulty with posttreatment imaging where tumor voxels are not readily differentiable from nontumor tissues.
In the preoperative cohort with newly diagnosed brain mass, we demonstrated that the SVS method achieved an accuracy of 94.12% in diagnosing IDH-mutant lesions preoperatively. This result was concordant with those previously published by Choi et al in newly diagnosed brain mass using 97 ms TE SVS. 10 We also found that the SVS approach resulted in higher specificity and accuracy compared with the CSI method. The better diagnostic performance of the SVS could be due to the larger voxel size during the SVS acquisition compared with that during the CSI acquisition, resulting in higher SNRs, which are of benefit in distinguishing 2HG peak from the adjacent resonances of glutamate, glutamine, and GABA.
In the cohort with known IDH-mutant tumors presenting with suspected tumor recurrence, the CSI method showed higher sensitivity, specificity, and accuracy in diagnosing IDH-mutant glioma recurrence compared with the SVS approach. Due to the larger spatial coverage and multivoxel acquisition, CSI has the advantage of accounting for the spatial heterogeneity of the abnormal tissues, including gliosis, edema, and tumor, which commonly coexist in the posttreatment setting. 8, 23 Additionally, because of the smaller volumes of the CSI voxels, the metabolic measures by CSI contain reduced partial-volume effects compared with SVS 8 (Fig. 3) . These potential advantages of the CSI method need validation by direct tissue sampling using imaging guided resection or biopsy. It is noted that the specificity of CSI was higher than that of SVS. Subgroup analysis was performed based on WHO grade and showed the same results in both the WHO grades II and III groups. Moreover, we explored other possible reasons for the SVS false positives, including spectral quality, tumor volume, and outcome measure, and found them all to be consistent. No specific reason was found to explain the relative lower specificity of SVS versus CSI, and this warrants further investigation. Our study is limited by small patient sample sizes in the validation groups, especially the recurrent-lesion group. While the accuracy of 2HG MRS has been demonstrated in our single-institution study, the diagnostic accuracy in both clinical settings requires further validation by larger prospective trials. Our analysis of the recurrent-tumor cohort is also limited by lack of histological evaluation of all patients but is dependent on follow-up clinical and imaging stability.
In conclusion, 2HG MRS provides diagnostic utility for IDH-mutant gliomas both preoperatively and at time of suspected tumor recurrence. SVS has a better diagnostic performance for IDH-mutant gliomas in the untreated patient cohort, whereas CSI demonstrates greater performance in identifying IDH-mutant glioma recurrence. In panels B and D, the black spectrum shows the raw data, red spectrum is the fitted data, and the blue spectrum shows the 2HG fit.
